The degradation of a series of nitroaromatic compounds by the lignin-degrading fungus Phanerochaete chrysosporium was examined. From 4-nitrotoluene (4-NT), several metabolic intermediates were identified. Initially, 4-NT was converted to 4-nitrobenzyl alcohol (4-NBA), followed by the oxidation reactions to form 4-nitrobenzaldehyde and 4-nitrobenzoic acid, albeit slowly. Exogenously added 4-nitrobenzaldehyde and 4-nitrobenzoic acid were predominantly reduced to 4-NBA. The fungal formation of 4-NBA was inhibited by piperonyl butoxide, a cytochrome P450 inhibitor, suggesting the involvement of cytochrome P450 in the hydroxylation of the methyl group. Similarly, 2-, and 3-nitrotoluenes and 4-chlorotoluene were converted to the corresponding arylalcohols by P. chrysosporium. On the other hand, toluene and 4-methoxytoluene were not converted. Thus, P. chrysosporium possesses an alkyl hydroxylation activity against aromatic compounds substituted with a strong electron-withdrawing group.
Introduction
White-rot basidiomycetes are the only known microorganism to completely degrade lignin, one of the most recalcitrant aromatic biomaterials on the earth [1, 2] . These fungi are reported to be capable of degrading 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trinitrotoluene (TNT) and polychlorinated phenols [3] [4] [5] [6] . Fungal metabolism of 2,4-DNT was extensively studied using the white-rot fungus, Phanerochaete chrysosporium, indicating that complete degradation was initiated by reducing the nitro group to an amino group followed by the action of a series of enzymes such as peroxidases, quinone reductases, and dioxygenase [6] .
In our previous study, 4-nitrophenol (4-NP) was metabolized and degraded via a cytochrome P450-catalyzed hydroxylation reaction and a successive methylation reaction to form a methoxyl group by P. chrysosporium [7] . These observations strongly suggest that P. chrysosporium may possess at least two metabolic mechanisms to degrade nitroaromatic compounds: one is the reduction of nitro groups to amino groups; the other is the hydroxylation of aromatic ring. Due to an electron-withdrawing nitro-substituent, nitroaromatics are known to possess a high ionization potential. This type of compound is recalcitrant for fungal oxidative degradation [7, 8] . Thus, these reactions seem to be advantageous for reducing the ionization potential of nitroaromatics to form more susceptible structures for further oxidative degradation.
Among various nitrotoluenes, mononitrotoluenes have not been examined for fungal metabolism. Since mononitrotoluenes and dinitirotoluenes are unavoidable by-products of TNT production, they are also present in the environment as contaminants [9] . In this study, we determined the metabolic pathway of P. chrysosporium for 4-nitrotoluene (4-NT), indicating that the initial step was the hydroxylation of the methyl group to form 4-nitrobenzyl alcohol (4-NBA). Furthermore, formation of 4-NBA was effectively inhibited by the exogenous addition of piperonyl butoxide (PB), a cytochrome P450 inhibitor, suggesting the involvement of a novel monooxygenase catalyzing the hydroxylation of the methyl group. In addition, the occurrence of methyl-hydroxylation against a series of mono-substituted toluenes by P. chrysosporium was examined.
Materials and methods

Chemicals
4-Methoxytoluene, 4-methoxybenzyl alcohol, 2-nitrotoluene, 3-nitrotoluene, 4-chlorotoluene, 4-NBA, 4-nitrobenzaldehyde, 4-nitrobenzoic acid, 4-chlorobenzyl alcohol, 2,4-dinitrotoluene (2,4-DNT) and PB were purchased from Wako Pure Chemicals. 4-NT and 3-nitrobenzyl alcohol were obtained from Tokyo Chemical Industry. 2-Nitrobenzyl alcohol was purchased from Aldrich. All other chemicals were of reagent grade. Deionized water used in the present study was obtained with a MilliQ System (Millipore).
Culture conditions
P. chrysosporium (ATCC 34541) was grown from conidial inocula at 37°C in stationary culture under the air. The medium (pH 4.5) used in this study was as previously described, with 1% glucose (high nutrient carbon; HC) and 1.2 mM (low nutrient nitrogen; LN) or 12 mM (high nutrient nitrogen; HN) ammonium tartrate as the carbon and nitrogen sources, respectively [10] .
Metabolic reactions
After a four-day preincubation, the substrates (50 mM in acetone) were added to the cultures to a final concentration of 0.25 mM. After additional incubation, the metabolic products were analyzed either by HPLC after homogenization in acetone (the same amount of medium), centrifugation (25,000g for 5 min at 5°C), and filtration (0.45 lm) or by GC-MS after extraction with ethyl acetate at pH 2 or 10, drying over MgSO 4 , evaporation under N 2 and derivatization using BSTFA/ pyridine (2:1, v/v). Control experiments were performed using fungi treated with sodium azide (10 mM) for 30 min prior to the addition of the substrate [7] .
Enzyme reactions
Lignin peroxidase (LiP) was purified from the extracellular medium of an acetate-buffered agitated culture of P. chrysosporium as described previously [11] . Enzyme activity in culture medium was assayed as previously described [12] . LiP reaction mixtures (1 ml) consisted of enzyme (10 lg), substrate (0.1 mM), veratryl alcohol (0 or 0.5 mM) and H 2 O 2 (0 or 0.1 mM) in 20 mM sodium succinate (pH 3.0). Reactions were carried out at 30°C for 15 min and initiated by the addition of H 2 O 2 . Reaction products were analyzed directly with HPLC or with GC-MS after extraction with ethyl acetate (1 ml Â 3) as described above.
2.5. Inhibitory effect of piperonyl butoxide on fungal metabolism of 4-NT P. chrysosporium was incubated under HCLN conditions for four days and then 4-NT was added with a final concentration of 500 lM. After a three-day incubation, 4-NT and 4-NBA were quantified using HPLC. 2,4-DNT was also utilized as the substrate. PB was dissolved in acetone and added to culture for 30 min prior to the addition of the substrates.
Instrumentation
HPLC analysis was carried out using a Shimadzu STR ODS-II column (4.6 Â 150 mm) with a linear gradient from 20% acetonitrile in water (0.05% phosphoric acid) (isocratic for 5 min) to 100% acetonitrile (21-31 min) at a flow rate of 1.0 ml/min. A UV detector was performed at 254 or 268 nm. Products were quantified using calibration curves obtained with authentic samples. GC-MS analysis was performed at 70 eV on JEOL AMII-15A equipped with GC and a 30-m fused silica column (DB-5, J&W Scientific). The oven temperature was programmed from 80 to 320°C at 8°C/min. Products were identified by a comparison of their retention times on GC and HPLC and of mass fragmentation patterns with standards.
Results and discussion
Nitroaromatic compounds are classified as environmental pollutants which are widely utilized as dyes, pesticides, insecticides, drugs, and explosives [9] . Particularly, nitroarenes such as trinitrotoluene (TNT) and trinitrophenol (picric acid) were utilized as explosives during World War II and contaminated the surrounding soil or groundwater at the sites of ammunition plants [13] . Therefore, a safe and effective process to cleanup these contaminated area should be developed. The bioremediation process is thought to be advantageous over other conventional processes due to minimal impact on the environmental and cost effectiveness [14] .
Metabolic mechanisms for 2,4-DNT and 2,4,6-TNT were extensively studied using P. chrysosporium, showing the occurrence of the initial reduction of nitro to amino groups [3, 6] . On the other hand, fungal metabolism of mononitrotoluenes has not been examined. Its oxidation by extracellular ligninolytic enzymes is also not known. Thus, the metabolism of 4-NT and related compounds by P. chrysosporium was performed in the present study.
LiP oxidation of 4-nitrotoluene
4-NT was not oxidized by LiP either in the presence or absence of veratryl alcohol. To avoid H 2 O 2 -derived LiP inactivation, a stepwise addition of low concentrations of H 2 O 2 was attempted [15, 16] , but no oxidation of 4-NT was observed. The ionization potential of 4-NT was reported to be 10.3 eV, which is out of reach for LiP oxidized intermediates [8, 17] .
A series of studies utilizing lignin-degrading basidiomycetes pointed out the importance of extracellular oxidative enzymes, such as lignin and manganese peroxidases and laccase, for their ability to metabolize a wide variety of aromatic compounds [4, 5, 18, 19] . However, certain aromatic compounds were reported to be metabolized by white-rot fungi without an initial involvement of such enzymes [20] [21] [22] . One of the common features for these substrates is a high ionization potential; thus extracellular oxidative enzyme could not initiate the metabolic reactions. Recently, the involvement of cytochrome P450(s) has been indicated for the degradation of aromatic hydrocarbons, dibenzothiophene derivatives, chlorinated diphenyl ether herbicides, and dichlorodibenzo-p-dioxins by white-rot fungi [15, 16, 22, 23] . Hydroxylation of aromatics dramatically reduces their ionization potentials, forming more susceptible structures for further oxidative metabolism. The reduction of nitro to amino groups was also reported for the initial reactions involved in fungal degradation of nitroaromatics [6] , which also has a marked effect in decreasing their ionization potentials. Our previous study indicated that the aromatic hydroxylation by cytochrome P450 was essential for the degradation of 4-nitrophenol by P. chrysosporium [7] . These observations strongly suggest that enzymes besides extracellular peroxidases and laccase are involved in the fungal degradation of aromatic compounds, which are not readily oxidized extracellularly.
Fungal metabolism of 4-nitrotoluene
Due to its high volatility, 4-NT disappeared from the culture medium in the absence of fungal cells or in the presence of azide-treated cells in four to six days, but no compound other than remaining 4-NT was observed during the course. On the other hand, 4-NBA, 4-nitrobenzaldehyde, and 4-nitrobenzoic acid were identified when 4-NT was treated with fungal cells (Table 1) , strongly suggesting that these products were fungal metabolites from 4-NT. Furthermore, azide-treated cells caused no formation of such products.
The pathway of 4-NT degradation was elucidated by the identification of fungal metabolites upon the addition of its metabolic intermediates. 4-NBA was converted to 4-nitrobenzaldehyde and 4-nitrobenzoic acid. From 4-nitrobenzaldehyde, 4-NBA, and 4-nitrobenzoic acid were identified. 4-Nitrobenzoic acid was reduced to form 4-NBA and 4-nitrobenzaldehyde (Fig. 2) . This type of metabolic shuttle between alcohol and acid is well observed in fungal metabolism of arylalcohols [24, 25] .
Although 4-NBA shows a structural similarity to veratryl alcohol, one of the most preferred substrates for LiP, it was not oxidized by LiP. Neither nitrobenzaldehyde nor nitrobenzoic acid was oxidized by LiP. No oxidation of these compounds including 4-NT by extracellular culture filtrate was also confirmed.
Inhibitory effect of piperonyl butoxide on the fungal metabolism
As described in the previous sections, the hydroxylation of the methyl group of 4-NT was not catalyzed by a TMS: trimethylsilylated extracellular enzymes. A possible involvement of cytochrome P450 was examined using PB, a P450 inhibitor. As shown in Table 2 , a concentration dependent inhibition of 4-NBA formation from 4-NT was clearly observed. However, the effect of PB on a disappearance rate of 4-NT was not so obvious, probably because a large part of the disappearance of 4-NT was due to its volatility. However, upon the addition of a high concentration of PB (2.5 mM), no formation of 4-NBA was observed. Furthermore, no formation of either 4-nitrobenzaldehyde or 4-nitrobenzoic acid was also confirmed. On the other hand, no effect of exogenous PB up to 2.5 mM on a fungal metabolism of 2,4-DNT was confirmed (data not shown). It was also reported that cytochrome P450 does not play a role in 2,4-DNT degradation at an initial stage [6] . From these data, 4-NT seems to be initially hydroxylated to 4-NBA by P. chrysosporium P450, which is further metabolized to form 4-nitrobenzaldehyde and 4-nitrobenzoic acid.
Complete degradation of 4-NT by Pseudomonas sp. has been reported in the culture medium containing 4-NT as a sole carbon source [26] . The fungal metabolic pathway from 4-NT to 4-nitrobenzoic acid was similar to the bacterial pathway (Fig. 1) [26] . In the case of Pseudomonas sp., however, 4-nitrobenzoic acid was readily reduced to yield a hydroxylamino-derivative which was then metabolized to protocatechuic acid for an oxygenative ring fission reaction [9, 26] . On the other hand, in the P. chrysosporium pathway, 4-nitrobenzoic acid was reduced back to 4-NBA via an intermediate formation of 4-nitrobenzaldehyde (Fig. 1) . No accumulation of other products, such as hydroxyaminobenzoic acid or protocatechuic acid, was found. Since the fungal degradation of aromatic compounds is the energy-consuming process [27] , a further metabolism of 4-nitrobenzoic acid may be controlled to occur slowly. However, benzoate and benzaldehyde derivatives are more toxic than benzyl alcohol derivatives [28, 29] . Thus, in the fungal metabolic system, there are redox reactions between 4-NBA and 4-nitrobenzoic acid (Fig. 1) to suppress the concentration of benzaldehyde and benzoic acid. This type of redox shuttle pathway was reported for fungal metabolism of a variety of aromatic compounds [24, 25] . Recently, the whole genome sequence of P. chrysosporium was open to public [http://genome. jgi-psf.org/]. The genomic annotation data shows the possible existence of more than 30 arylalcohol dehydrogenases, arylalcohol oxidases, and arylaldehyde dehydrogenases homologs in its genome, suggesting the importance of this type of redox shuttle pathway.
Metabolism of other nitrotoluenes and chlorotoluene
The hydroxylation activity of P. chrysosporium against several other mono-substituted toluenes was investigated. As shown in Fig. 1 and Table 1 , various toluene derivatives were metabolized to their corresponding alcohol by P. chrysosporium. 2-Nitrotoluene and 3-nitrotoluene were hydroxylated to 2-nitrobenzyl alcohol and 3-nitrobenzyl alcohol, respectively. Furthermore, 4-chlorotoluene was hydroxylated to 4-chlorobenzyl alcohol. However, no formation of benzyl alcohol was observed in the metabolism of toluene by P. chrysosporium. Nitro-and chloro-substituents, which are strong electron-withdrawing groups, cause a reduction of the electron density of the aromatic ring. These characteristics might be crucial for P450-catalyzed hydroxylation reactions. It was also confirmed that 4-methoxytoluene, where a methoxyl group is a typical electron-donating substituent, was not hydroxylated to 4-methoxybenzyl alcohol by P. chrysosporium under the same conditions. The whole genome sequence data of P. chrysosporium showed a possible existence of more than 120 cytochrome P450 genes in its genome [http:// genome.jgi-psf.org/]. It is still too early to rationalize a fungal strategy for the metabolism of a wide variety of aromatic compounds; nevertheless, we suppose that basidiomycetes may distinguish chemical and physical properties of aromatic skeletons and metabolize them effectively by activating the most suitable pathway against the substrate. Metabolic experiments were repeated three times. To better exhibit the quantitative relationship between the substrate and products, a typical result was shown in this figure. SD of each plot was less than 9% (n ¼ 3).
